In this study, we investigated the expression of MUC1 mRNA and protein in sheep endometrium at 2 different time-points during follicular and luteal phases of estrous cycle, and also determined the 3 effect of steroid hormone treatments and interferon tau (IFNτ) on MUC1 mRNA expression in 4 endometrial cell culture in vitro. In experiment 1, fifteen Welsh mountain ewes were synchronised to a 5 common estrus and killed at precise stages of estrous cycle corresponding to i) pre-LH peak, ii) LH 6 peak, iii) post-LH peak, iv) early luteal, and v) mid-luteal. Reproductive tracts were harvested and 7 mRNA was extracted from the endometrial tissues. Parts of the uterine horns were fixed for 8 immunohistochemistry. In experiment 2, mixed populations of ovine endometrial cells (from 9 slaughterhouse material collected at the post-ovulatory stage of the estrous cycle) were cultured to 10 70% confluence before treatment with i) progesterone (P 4 , 10 ng/mL, for 48 h), ii) oestradiol (E 2 , 100 11 pg/mL, for 48 h), or with iii) E 2 priming for 12 h (100 pg/mL) followed by P 4 (10 ng/mL) for 36 h. 12
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Introduction 23
Mucin 1 (MUC1) is a membrane-bound O-glycosylated protein that is a member of the mucin family. 24
It is expressed on the apical surface of mucosal epithelial cells and plays an essential role in forming 25 protective mucous barriers on epithelial surfaces and is also involved in intracellular signalling. In the 26 reproductive system, MUC1 is expressed in the uterus [1] and in the testes [2] . MUC1 has been linked 27 to numerous functions [3] including antimicrobial effects by inhibiting microbial access to the cell 28 surface as well as inhibition of cell-cell adhesion. 29
In the uterus, successful implantation requires complex interaction between trophoblast and maternal 30 endometrium. Available evidence suggests that the burden of implantation lies more on the 31 endometrium rather than the embryo [4] . It has been shown that embryos are capable to attach to 32 endometrial stromal cell culture and others tissues in vitro [5, 6] however, embryos cannot attach to 33 uterine endometrium outside the short period of window of receptivity [7] . Non-receptivity of 34 endometrium has been partly attributable to features characteristic of luminal epithelia expressing 35 glycocalyx, of which trans-membrane mucin 1 glycoprotein encoded by MUC1 gene is the most 36 widely expressed and distributed in the reproductive tract [3] . 37 MUC1 protein is expressed mainly in luminal epithelium (LE) and glandular epithelium (GE) of the 38 endometrium in many mammalian species including mice, rat, pig, sheep, horse and human during 39 various stages of a menstrual or estrous cycles [1, [8] [9] [10] [11] . MUC1 is proposed to protect the 40 reproductive system by preventing entrance of pathogens through the LE into endometrium [12] . It 41 also constitutes an impediment to implantation by hindering interaction between families of 42 conformationally smaller adhesion molecules such as integrins expressed on both the trophectoderm 43 and LE [13] . In another perspective, this hindrance to implantation may be perceived as a 44 physiological barrier that ensures only a potentially viable embryo successfully modulates 45 endometrial receptivity and successfully implants. This hypothesis is supported by reduction of cellM A N U S C R I P T [10] . In contrast, MUC1 is upregulated in human endometrial at implantation [15] 58 however human embryos seems to locally down-regulate MUC1 as shown in maternal primary 59 endometrial cell culture in the region beneath embryo attachment points [1] suggesting regulatory 60 roles of embryo-produced factors. 61
A C C E P T E D ACCEPTED MANUSCRIPT
In addition to steroid regulation of endometrial receptivity, INFτ which is secreted by trophoblast 62 cells in ruminants is responsible for maternal recognition as it acts on uterine epithelium to down-63 regulate estrogen and oxytocin receptors thus blocking the development of the uterine luteolytic 64 mechanism [20] . Similar molecule is also produced by human embryos [21] . A progressive effort has 65 been made towards understanding transcriptional regulation of MUC1 in reproductive tract [3] , 66 however, the mechanism remains to be completely understood. Besides, a direct effect of INFτ on 67 MUC1 expression in sheep endometrium has not been tested. 68
In the present study, we have investigated the temporal variation of MUC1 mRNA and protein 69 atmosphere at 37°C with 5% CO 2 . The culture media was changed every 48 h for 5-6 days until 70% 136 confluence was achieved. This was followed by a 24 h incubation in serum-free media before 137 treatment supplementation. The cell population was identified using cell morphology [29] and 138 cytoskeletal markers, cytokeratin and vimentin for LE and ST respectively as was described in 139 previous study [27] . The results showed a monolayer of a mixed population of epithelial and stromal 140 cells in the ratio of 6:4. 141
Primer design and RT-PCR 142 143
The primers for MUC1 and a reference gene; GAPDH were designed using 'primer 3' web based 144 software using ovine nucleotide coding sequences published in the National Centre for Biotechnology 
aspx). Sequence information, accession numbers and 148
expected product lengths as well as the running conditions of these primers are provided in Table 1 . 149
For the endometrial cell culture, total RNA was extracted using a column method (RNeasy Mini Kits; 150 QIAGEN Ltd, West Sussex, UK) according to the manufacturer's instruction (www.qiagen.com/goto/ 151 microRNAprotocols). The procedures have been described in an earlier study [30] . The concentration 152 and purity of the isolated RNA samples was determined with a NanoDrop ND-1000 153 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE). All samples had an A260/280 154 ratio of absorbance (A) between 1.8 and 2.1. The integrity of the RNA was confirmed by running it on 155 a 1% formaldehyde gel to visualize the 18S and 28S rRNA bands. To eliminate potential genomic 156 DNA carry over, 1 µg mRNA from each sample was treated in a single reaction with DNAse in 157 accordance with manufacturer's guideline (Promega Corporation, Madison, WI). DNase-treated RNA 158
(1 µg) was reverse transcribed using Reverse Transcription System Kit (Promega) in a 20 µl reaction 159 solution as was described in a previous study [31] . 160
The primers were used to run a conventional PCR using a Multiplex kit (Qiagen) according to 161 manufacturer's instruction in a 50 µl reaction containing the following; 25 µl Multiplex master mix, 162 10 µl Q-solution, 5 µl primer (2 uM), 5 µl RNase-free water and 5 µl cDNA of the test sample. In the 163 negative and positive control templates, the sample cDNA was replaced with nuclease-free water and 164 cDNA from endometrial strips respectively. The reaction was run for 35 cycles on a thermal cycler 165 (Techne PCR Machine TC312; Scientific Laboratory Supplies, Yorkshire, UK). The amplicons were 166 visualized by electrophoresis on 1% agarose gels. The amplicon bands for MUC1 were quantified 167 with AlfaEase software as reported in earlier study [32] and expressed as fold change compared to the 168 control after initial normalisation with GAPDH. 
LH profile 200 201
The mean plasma LH profiles of all animals at different time points are presented in Fig. 2 . The LH 202 peak was evident at 39h after PGF 2α injection which confirms successful synchronisation schedule 203 and precise timing of sample collection. At the time of slaughter, the plasma LH concentrations were 204 0.7 ± 0.07, 28.5 ± 4.5, 2.9 ± 0.8 and 0.6 ± 0.07 ng/mL for the Pre-LH peak, LH peak, Post-LH peak 205
and Early-luteal groups respectively. 206 MUC1 mRNA was expressed in the endometrial tissue in the pre-LH and LH peak stages at similar 210 level (P>0.05). This was followed by a significant (P<0.01) transient reduction at the post-LH stage 211 (Fig. 3) . As the cycle entered into early luteal stage, there was a significant increase in the MUC1 212 transcripts expression compared to the post-LH samples and similar to those at pre-LH and LH peak. 213
Expression of MUC1 mRNA in the endometrium was maximum in the mid-luteal phase compared 214 with other stages.
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MUC1 protein expression in sheep endometrium during different stages of oestrous cycle 217 218
MUC1 immunostaining in the LE was detected during all stages of estrous cycle at the apical surface 219 of the LE and glandular epithelium (GE) cells. It was also observed that MUC1 protein protruded well 220 above the cell surface of the LE. It was strongly present in the uterus at Pre-LH and LH stages as well 221 as early and mid-luteal stages. In contrast, a significantly (P<0.05) lower staining intensity was 222 observed in the post-LH group (Fig. 4) . The negative control sections had no background staining. 223 Highest expression of MUC1 mRNA was seen during the luteal phase especially at the mid-luteal 243 stage compared to other stages of estrous cycle. These stages correspond to the period of high plasma 244 progesterone and its associated dominance in the endometrial LE. These results agree with previous 245 reports of increased MUC1 expression under progesterone-dominated endometrial epithelium in 246 rabbit [35] and human [1] . Interestingly, we could detect a significant drop in MUC1 mRNA 247 expression at post LH peak stage which was also confirmed by immunostaining. This may be 248 explained by low steroid concentrations at this time point. During post-LH peak, transition from 249 follicular to luteal phases involves decreasing estrogen level to basal while progesterone level is still 250 low. This is also consistent with our observation that the control endometrial cell cultures had lower 251 MUC1 expression compared to those treated with P 4 and/or E 2 . During the luteal phase, high 252
MUC1immunostaining was previously reported at the apical surface of the uterine LE at Days 1, 3, 5, 253 and 7 of the estrous cycle which was then decreased until Day 15 [10] . MUC1 expression after day 254 15 and during the follicular phase of oestrous cycle was not examined in the later study [10] . We 255 observed protrusion of MUC1 from the apical surface of the LE which is in agreement with earlier 256 report of its being a trans-membrane protein with a large mucin-like extracellular domain, projecting 257 so high above the cell surface beyond the region most common receptors are located [3] . 258
The apical expression of MUC1 protein in the endometrial LE and GE observed in the present study is 259 at par with the results of Johnson et al. [10] . In addition, our data has revealed a transient decline in 260 MUC1 mRNA and protein expression at the post-LH in both regions providing further evidence for 261 MUC1 dependency on steroid hormones [1] . This period coincides with the optimum insemination 262 time in sheep. Therefore it is reasonable to conceptualise that the reduction in MUC1 may allow 263 sperm interaction with endometrial epithelium during transport in the uterus and facilitate sperm 264 In the cell culture, both steroids caused a significant increase in MUC1 transcript expression. The 269 relative increase in expression of MUC1 after initial priming of the endometrial cell with E 2 prior to 270 P 4 treatment is understandable because E 2 is known to up-regulate progesterone receptors (PR) [40] 271 such that treatment with progesterone later produced a higher effect than individual steroids. This 272 concurs with the finding of earlier study in human Ishikawa cell line [41] . In a related study, MUC1 273 mRNA expression was higher in infertile women with ovulatory polycystic ovarian syndrome than 274 fertile women [42] . 275
In the present study, we found that exposure of endometrial cell culture to INFτ in the absence of 276 steroids directly induce a reduction in MUC1 mRNA expression IFNτ concentration (1130 ng/mL) 277 used here mimics the amount produced by day-8 harvested ovine embryo (11 ng/mL) after in vitro 278 culture for 24 h [43] . Since IFNτ is the embryo signal of pregnancy in sheep [20] , this result is at par 279 with down-regulation of MUC1 by the human blastocyst through a paracrine signal especially at the 280 region of implantation in human endometrial epithelial cells [1] . Similarly, the same observation (loss 281 of MUC1) due to embryo signal was also observed in rabbit epithelia co-culture with blastocyst [35] . 282
In the later study, loss of MUC1 from the epithelial surface was confined only to implantation sites 283 
